Abstract Gamma Knife Radiosurgery (GKRS) has been reported in the treatment of brainstem metastases while dose volume toxicity thresholds remain mostly undefined. A retrospective review of 52 brainstem metastases in 44 patients treated with GKRS was completed. A median dose of 18 Gy (range 10-22 Gy) was prescribed to the tumor margin (median 50 % isodose). 25 patients had undergone previous whole brain radiation therapy. Toxicity was graded by the LENT-SOMA scale. Mean and median followup was 10 and 6 months. Only 3 of the 44 patients are living. Multiple brain metastases were treated in 75 % of patients. Median size of lesions was 0.134 cc, (range 0.013-6.600 cc). Overall survival rate at 1 year was 32 % (95 % CI 51.0-20.1 %) with a median survival time of 6 months (95 % CI 5.0-16.5). Local control rate at 6 months and 1 year was 88 % (95 % CI 70-95 %) and 74 % (95 % CI 52-87 %). Cause of death was neurologic in 17 patients, non-neurologic in 20 patients, and unknown in four. Four patients experienced treatment related toxicities. Univariate analysis of tumor volume revealed that volume greater than 1.0 cc predicted for toxicity. A strategy of using lower marginal doses with GKRS to brain stem metastases appears to lead to a lower local control rate than seen with lesions treated within the standard dose range in other locations. Tumor size greater than 1.0 cc predicted for treatment-related toxicity.
Introduction
An estimated 5 % of intracranial metastases are located in the brainstem [1] . While multiple randomized trials have demonstrated the efficacy of stereotactic radiosurgery (SRS) as a single modality treatment for patients with newly diagnosed brain metastases [2] [3] [4] [5] , brainstem metastases represent a unique clinical challenge due to potential toxicity concerns. Effective radiosurgical doses for intracranial lesions were originally derived from RTOG 90-05, a prospective study establishing toxicity thresholds based on lesion size [6] . However, this study excluded brainstem lesions. There have been several recent reports documenting the treatment of brainstem lesions with radiosurgery [7] [8] [9] [10] [11] [12] [13] [14] [15] , though the proper dose and volume constraints remain largely undefined. Median doses used in previous reports have been lower than what has been traditionally used to treat non-brainstem metastases (e.g. [16] [17] [18] . This de-escalation is due to the perceived risk of increased toxicity to critical cranial nerve nuclei and fiber tracts for this serial critical structure, and the lack of surgical salvage options should radionecrosis occur.
We present a single institution retrospective series documenting local control and toxicity rates for patients with brainstem metastases treated at our institution between 2000 and 2010 with Gamma Knife Radiosurgery (GKRS). We performed a dose volume analysis to determine any dosimetric factors that potentially affected the likelihood of local failure or toxicity.
Methods and materials

Data acquisition
This study was approved by the Wake Forest University Institutional Review Board. The Wake Forest University Medical Center Gamma Knife Program Tumor Registry was searched for all patients receiving GKRS and having a brainstem metastasis. Patients were allowed to have had previous whole brain irradiation. Between February 2000 and December 2010 a total of 52 brainstem metastases were treated with GKRS in 44 individual patients. Clinical outcome measures were determined using the patents' electronic medical records. Dosimetric data were obtained using patients' archived plans using the GammaPlan TM treatment planning system (Elekta AB, Stockholm, Sweden) and consisted of tumor size, prescribed dose and isodose level, number of lesions, and tumor location.
Patient characteristics
The clinical characteristics of the patients in this report are detailed in Table 1 . Patient factors including age, histology, RPA class, location of metastases within the brainstem defined as the midbrain bordered superiorly by the hypothalamus, pons, or medulla, total number of brain metastases and prior WBRT were determined from the electronic medical records. Median and mean follow-up for all patients was 6 and 10 months respectively with a range of 1-75 months. Imaging follow up was completed in all but three patients who died within 1 month of treatment. Multiple brain metastases were treated in 75 % of patients. The median number of additional lesions treated was 2 (range 0-39). One patient was treated on separate occasions for different brainstem lesions, but counted only once for this analysis. Among the 44 patients, 3 were treated for multiple lesions within the brainstem including patients with 2, 3, and 6 lesions. Median size of brainstem metastasis was 0.134 cc, (range 0.013-6.600 cc). A total of 19 of 44 patients had undergone previous WBRT. None of these 19 patients received radiosurgery as a planned boost. Therefore, all patients treated with radiosurgery were as a result of WBRT failing to achieve local control.
Radiosurgical treatment
The Leksell Perfexion Gamma Knife TM was used for treatment delivery in patients treated after May 2009 and prior to this date Leksell Gamma Knife Models B/C were used (all models, Elekta AB, Stockholm, Sweden). On the Both the neurosurgeon and the treating radiation oncologist reviewed each volume. A median dose of 18 Gy (range 10-22 Gy) was prescribed to the median 50 % isodose line conforming to the tumor margin while maintaining greater than 99 % tumor coverage. A dose volume histogram (DVH) was created for individual lesions. The DVH was reviewed evaluating the tumor coverage as well as the total treatment volume. The prescribed dose was based on the discretion of the treating radiation oncologist, and while larger tumors were generally treated with doses below 18 Gy, there was a heterogeneity of doses prescribed based on six different radiation oncologists that treated patients during this 10 year period. An illustration of a representative patient treated with 17 Gy to the 50 % isodose line and subsequent 6 month follow up scan is shown in Fig. 1 .
Outcome assessment
Electronic medical records were used to assess for clinical and imaging outcomes. Patients were followed with serial imaging and clinically. MRI scans were reviewed and measured longitudinally in the largest axial, sagittal, and coronal slices and compared to the planning MRI from the date of gamma knife delivery. For patients with enlargement on any slice, the MRI was imported into the GammaPlan system and contoured on serial axial slices for volume generation and then compared to the treatment volume from the gamma knife treatment day. Patients were considered to have failed locally after evidence of tumor volume enlargement by at least 25 %. Because of the possibility of radionecrosis, local failures were generally followed with serial imaging and treated conservatively with either steroids or a combination of vitamin E and pentoxifylline prior to determination of a treatment failure. Distant failures included new intracranial lesions elsewhere in the brain. Patients were screened for rates of salvage WBRT or for repeat GKRS procedures. Toxicity was graded by the LENT-SOMA scale. Cause of death was recorded for each patient and scored as neurologic, non-neurologic, or unknown. Neurologic death, as originally defined by Patchell et al. [16] included patients with progressive neurologic dysfunction with controlled extracranial disease, or patients with severe neurologic dysfunction who died of intercurrent illness.
Statistical analysis
Kaplan-Meier analysis was performed to determine local control and overall survival for the patient population. Time to local or distant failure was recorded from date of GKRS. Survival was similarly recorded from date of GKRS or censored at time of last follow up. Time to toxicity event was analyzed via univariate Cox proportional hazards regression to investigate tumor size's effect on toxicity. Cox proportional hazards regressions were also performed to investigate the univariate effect of tumor size, dose, number of lesions, and tumor location on local control, and overall survival. Wald type p-values were examined to assess statistical significance. All statistical analyses were performed in SAS, version 9.2 (SAS Institute, Inc.), and Stata, version 10.1 (StataCorp LP).
Results
Overall survival
Kaplan-Meier analysis was used to estimate overall survival (Fig. 2) . Overall survival rate at 1 year was 30 % (95 % CI 17.0-43.2 %) for the entire population with a median survival time of 6 months (95 % CI 4.1-9.1 months). Cause of death was neurologic in 17 patients, non-neurologic in 20 patients, and unknown in four. Three patients remain alive at time of analysis. No statistical relationship was found between tumor size, number of treated lesions, tumor location, or tumor dose predicting for overall survival, or cause of death. Among the patients who experienced local failure, five died a neurologic death, one a non-neurologic death, one unknown, and the final patient remained alive at time of this analysis.
Local control
Eight of 44 patients experienced a local failure. KaplanMeier estimate of local control rate at 6 months and 1 year 
Distant brain failure
Distant failures were noted in 23 patients. Five of these patients were noted to have leptomeningeal failure, and most were referred to comfort care as a result. Six patients received a second course of GKRS, and two patients received a third course. Only 2 of the 23 patients who suffered distant failures were treated with WBRT at failure, which can be attributed to the fact that many of these patients had been treated previously with WBRT.
Toxicity
Four patients experienced treatment toxicities related to their brainstem metastasis. Toxicity details are summarized in Table 2 . Of these, one patient had grade 2 toxicity and three patients had grade 3 toxicities. No toxic deaths occurred. None of the 4 patients with toxicity had received prior WBRT. This is in comparison to 19 of 40 patients (45 %) who did not experience toxicity. Univariate cox proportional hazards regression found increasing tumor volume to be correlated with an increased hazard for toxicity (Hazard Ratio 1.63 per cc, p = 0.01, 95 % CI 1.11-2.40). Freedom from complication rates at 6 months and 1 year was 100 and 100 % compared to 63 and 31 % for tumor volume less than 1 cc and greater than 1 cc respectively (Log-Rank Test, p \ 0.001). Other factors examined, such as prior WBRT, marginal dose, histology and location, age, gender and extent of extracranial metastatic disease failed to predict for a toxicity event on univariate analysis and therefore were eliminated from the multivariate analysis. A single patient who developed persistent symptomatic radiation injury (suspected radionecrosis) within a lesion in the pons was treated with bevacizumab as part of his chemotherapy regimen for colon cancer. After a single cycle of bevacizumab, he experienced near complete response of his severe diplopia and imaging resolution of the treatment related edema.
Discussion
The present analysis represents one of the largest published series on brainstem metastases treated with radiosurgery.
The data from our analysis supports GKRS as a safe and effective method for patients with lesions less than 1.0 cc in total volume. Our findings are consistent with other series specifically addressing SRS for brainstem lesions with comparable size tumors and comparable radiation doses. The 9 previously reported series of patients with brainstem metastases are summarized in table 3 [7] [8] [9] [10] [11] [12] [13] [14] [15] . In the first series published on brainstem metastases in 1999, Huang et al. [9] from the University of Pittsburgh reported on 26 patients treated with a median marginal dose of 16 Gy (range 12-20 Gy) achieving an actuarial local control rate of 95 % and a median survival of 11 months. More recently, in 2010, Koyfman et al. [7] reported on 43 patients treated for brainstem metastases between 1997 and 2007 at the Cleveland Clinic. With a lower median dose of 15 Gy, local control at 1 year was 85 %, with a 1 year survival rate of 32 % and median survival of 5.8 months. Median tumor volume was 0.37 cc (range of 0.01-8.8 cc). Despite larger lesions being treated, no grade 3 or 4 toxicities were reported yet radiation necrosis was documented on imaging in two patients. However, smaller tumor volume did predict for improved survival with a hazard ratio of 1.23 on multivariate analysis, p = 0.001.
Although multiple series have reported toxicities with rates ranging from 0 to 20 %, only one study found size to predict for toxicity similar to the outcomes reported in the present series. Kasad et al. published outcomes on 42 brainstem metastases patients treated from 1991 to 2005 [14] . Local control was achieved in 90 and 77 % at 6 months and 1 year with a median survival of 9 months. Investigators found tumor size greater than 0.26 cc to predict for a brainstem complication. Although 0.26 cc was found to predict for toxicity, all four patients with toxicity were found to have tumors greater than 1 cc. Based on this finding, they reported a freedom from complication rate at 6 months and 1 year for tumor volume less than 1 cc to be 100 % compared to 40 and 60 % for tumors greater than 1 cc at 6 months and 1 year respectively (p \ 0.001). A comparative analysis among our patients showed a freedom from complication rate at 6 months and 1 year of 100 % compared to 63 and 31 % (p \ 0.001). The four toxicities included brainstem necrosis resulting in ataxia, disequilibrium, and left facial numbness, a second patient with disequilibrium alone, a third patient with hemiparesis, and a fourth patient with right facial numbness and what was described as mild right hemiparesis.
In the present series, toxicity occurred in 9 % of patients. However, the toxicity rate for lesions greater than 1 cc was 40 % with four of ten patients suffering grade 2-3 toxicity. It is likely that the increased rate of toxicity seen in the current series is due to the larger size of brainstem lesions treated in the current study. When the results of the current series are considered with data published by Kased et al. [14] ., it would appear that a threshold of 1 cc is the size at which brainstem lesions yield significant rates of toxicity with single fraction radiosurgery. Currently, our approach to lesions greater than 1 cc is to treat with one of two approaches. For patients with 1-4 lesions who have not received prior WBRT, we consider either (1) hypofractionated stereotactic radiation with a typical dose range of 21-30 Gy in 3-5 fractions or, (2) WBRT. For those who have received prior WBRT, the hypofractionated approach is generally favored. In the current study, the local control rate at 6 months and 1 year was 88 and 74 %, respectively. This is somewhat lower than expected for other metastases of comparable size that is treated with single fraction radiosurgery. Furthermore, 6 of the 8 patients experiencing local failure after radiosurgery had received prior WBRT. We acknowledge more aggressive phenotypes may have been selected in this scenario. The lack of a dose response detected in this study is likely due to the small number of events. Among previously published series, local control has ranged from 62 to 100 %. Previous series have documented that brain metastases as a whole experience a dose response and that doses below 20-22 Gy will more often lead to local failures in patients with prolonged survival [17] [18] [19] .
Dose selection for intracranial metastases in general is largely based on RTOG 9005, a prospective trial among patients previously treated with WBRT with the primary objective of establishing a maximum tolerated dose for single fraction radiosurgery [6] . Subsequent phase III protocols employed these dosing schemas for brain metastases based on target size and have established current dosing guidelines [9, 20, 21] . Lesions within the brainstem have generally been treated with as much as a 20 % dose reduction because of a concern for increased toxicity. No prospective data exists to establish whether the toxicity concern is valid, and if this concern justifies potentially sacrificing local control. The modestly higher rate of local failure rate in brainstem metastases must be weighed against toxicity, and the shortened survival time of this population. Median survival in the current series was 6.1 months with an overall survival rate at 6 months and 1 year of 55 and 30 %, respectively. Median survival has ranged from 4.9 to 11.1 months in previous reports and the range can likely be attributed to referral and patient selection bias at each institution.
This study was limited by the fact that it was retrospective in nature, and thus limited to hypothesis-generation. Furthermore, the 1 cc volume threshold seen in the multivariate analysis was based on 4 toxicity events. As such, this data likely requires validation from an independent dataset. In spite of the limitations, the present study represents the first attempt to determine the threshold volume for treatment of brainstem lesions with single fraction radiosurgery.
Conclusion
GKRS remains a safe and effective approach for patients treated upfront or after WBRT for brainstem metastases. Lesions over 1 cc treated with GKRS may carry a higher risk of toxicity, though these findings remain to be validated in a prospective setting.
